Objective: Pathogens that cause pneumonia may be treated in a targeted fashion by antibiotics, but if this therapy fails, then treatment involves only nonspecific supportive measures, independent of the inciting infection. The purpose of this study was to determine whether host response is similar after disparate infections with similar mortalities.
S epsis is treated using a combination of specific and nonspecific therapies. Antibiotic treatment directed against a specific pathogen is a targeted therapeutic approach and results in a favorable outcome in many patients. Simultaneously, generalized supportive care is often initiated. However, when antimicrobial therapy is unsuccessful, patients receive the same nonspecific therapy regardless of the inciting infection.
The majority of published sepsis trials use entry criteria that do not distinguish between differing types of infection (Gram-positive, Gram-negative) but instead rely on a 17-yr-old nonspecific definition of sepsis that includes heart rate, respiratory rate, white blood cell count, and temperature (1, 2) . Implicit in the entry criteria for most sepsis trials is the assumption that host response is similar after different inciting infections. In this paradigm, a pathogen-associated molecular pattern (3) or danger-associated molecular pattern (4) is detected by a pattern recognition receptor (5) . Even though different pathogen or danger-associated molecular patterns bind to and activate different Toll-like receptors, the implication is that a common host response exists, independent of the triggering organ-ism or signaling pathway. Supporting this position is a recent study demonstrating no differences in genome-wide microarray analysis of circulating neutrophils or peripheral blood mononuclear cells between septic patients infected with Gram-positive or Gram-negative infections (6, 7) , as well as earlier studies showing a common host response to sepsis (8, 9) . The view that host response is independent of inciting organism has been termed the generic septic response (10) . In theory, a common host response could be altered via mediator blockade, but this has not proven successful to date in the treatment of human sepsis (11) .
The generic septic response theory is not universally accepted because some experimental studies have demonstrated differences in gene expression between Gram-positive and Gram-negative sepsis (12, 13) . One useful way to study this is to interrogate the host either on a genomewide RNA level or on a more targeted protein level. This approach has been useful in preliminary studies to discriminate septic patients from those with systemic inflammation (14) , and it has also been successful in distinguishing between causative organisms in acutely infected children, suggesting a series of mediators can be used for diagnostic purposes (15) . Additionally, human volunteers administered lipopolysaccharide have a reproducible host response that evolves over the course of 24 hrs as subjects go from healthy to sick to healing (16) . These studies suggest that the clinical entity "sepsis" may represent a spectrum of related infection-initiated immunologic disorders that progress to multiple organ failure and death, and each of these disorders may have a characteristic host response and temporal progression.
To test the hypothesis that there are discrete responses to individual infections as opposed to a common, generic response, we assayed mice given pneumonia with either Streptococcus pneumoniae (S. pneumoniae) or Pseudomonas aeruginosa (P. aeruginosa), the most common cause of Gram-positive community-acquired pneumonia and most common cause of Gramnegative hospital-acquired pneumonia, respectively (17, 18) .
MATERIALS AND METHODS

Pneumonia Models
P. aeruginosa (ATCC strain 27853) was placed in trypticase soy broth with constant shaking overnight. The resulting culture was centrifuged at 6,000g, washed twice with saline, and re-suspended to a density of 0.1 (lowdose), or 0.3 (high-dose) A 600 nm . S. pneumoniae (strain 99.55, capsular subtype 6A) was placed on 5% blood agar plates overnight, washed, and re-suspended to an absorbance of 0.5 A 600 nm .
Under halothane anesthesia, mice received an intratracheal injection via a midline cervical incision of one of the following: 20 L of P. aeruginosa at 0.1 A 600 nm (2-4 ϫ 10 6 colonyforming units [CFU] ), 40 L P. aeruginosa at 0.3 A 600 nm (2-4 ϫ 10 7 CFU), or 60 L S. pneumoniae at 0.5 A 600 nm (2-4 ϫ 10 7 CFU). Sham animals were treated identically but received an intratracheal injection of 40 L saline. Unless otherwise indicated, all experiments were performed on FVB/N mice. After incision closure, mice received 1 mL of saline via subcutaneous injection for fluid resuscitation. All animal studies were preformed in accordance with National Institutes of Health Guidelines and approved by the Washington University Animal Studies Committee.
Survival Studies
Pneumonia was induced by a single investigator, and animals were followed-up for survival for 7 days. The high-dose P. aeruginosa model has been extensively used in our laboratory (19, 20) , whereas the S. pneumoniae and the low-dose P. aeruginosa models were developed for this article. Because of ethical concerns of performing surgery on animals to regenerate a survival curve in a model that has been reproducible by the authors, the portion of the survival curve for the high-dose P. aeruginosa in Figure 1 comes from a previous publication from our laboratory (21; reprinted with permission from JAMA).
Studies examining the influence of tumor necrosis factor (TNF)-␣ were performed on animals administered 300 g of anti-TNF-␣ antibody TN3 19.12 (a generous gift from Robert Schreiber, Washington University; 22) 3 hrs before induction of pneumonia. To study the effects of macrophage chemotactic peptide (MCP)-1 on survival, additional experiments were required to generate survival curves in C57Bl/6 mice that had similar kinetics and 7-day mortality as FVB/N mice shown in Figure 1 . Doses used were 20 L of P. aeruginosa at 0.2 A 600 nm, 30 L P. aeruginosa at 0.3 A 600 nm , or 20 L S. pneumoniae at 0.1 A 600 nm . Once these experiments were completed, survival studies on MCP-1 Ϫ/Ϫ mice (Jackson Laboratories, Bar Harbor, ME) were performed.
Cytokines
Mice subjected to the three pneumonia models and sham pneumonia were killed at 6, 12, or 72 hrs. To collect bronchoalveolar lavage (BAL) samples, the trachea was cannulated with a 22-gauge angiocatheter, and lungs were lavaged with 1 mL of phosphatebuffered saline. BAL and blood samples from each mouse were centrifuged for 5 mins at 6,000g. The supernatants were removed and analyzed for soluble inflammatory mediator concentration using a microarray immunoassay measuring interleukin (IL)-1b, macrophage inflammatory peptide (MIP)-2, MCP-1, Eotaxin, IL-18, interferon (IFN)-␥, MIP-␣, TNF-␣, IL-6, IL-1ra, IL-10, TNFsr-I, TNFsr-II, IL-2, IL-5, IL-12, IL-13, and RANTES (23). There were no sham values of IL-18 in either blood or BAL. There were no sham values of IL-1ra in either blood or BAL. There were no sham values of Eotaxin in BAl (but there were sham values of Eotaxin in blood).
Cultures
BAL and blood samples were taken from mice once killed and then diluted serially in saline and plated on blood agar plates. After incubation at 37°C, plates were examined after 24 and 48 hrs for colony counts. Logtransformation of calculated colony counts was then used for further analysis (24) .
Pattern Analysis
Cytokine abundance data were analyzed after importation into SpotFire Decision Site 8.2.1 (Tibco Spotfire, Palo Alto, CA). Six individual mice were censored from analysis because of technical issues resulting in missing values of either all serum or BAL cytokines. These included three mice administered S. pneumoniae at 6 hrs, one mouse administered low-dose P. aeruginosa at 6 hrs, and two mice administered high-dose P. aeruginosa at 6 hrs.
Figure 1.
Mortality and body weights of mice administered different pneumonia models. A, Animals were followed-up for survival for 7 days after intratracheal injection of S. pneumoniae (red, n ϭ 24), low-dose P. aeruginosa (blue, n ϭ 20), high-dose P. aeruginosa (yellow, n ϭ 25), or saline (black, n ϭ 5). The kinetics of mortality are very similar in the first 72 hrs between S. pneumoniae and low-dose P. aeruginosa. Whereas mice administered high-dose P. aeruginosa have a higher death rate in the first 72 hrs than those administered S. pneumoniae, their eventual 7-day mortality is similar. Arrows indicate time points when cytokine samples were taken in subsequent experiments. Of note, samples taken at 6 or 12 hrs were drawn at a time point before there was any mortality and samples taken at 72 hrs were drawn at a time point when there is a similar 50% mortality in S. pneumoniae and low-dose P. aeruginosa. B, Body weights of animals (n ϭ 7-20 mice/experimental group, 5 shams) 6, 24, 48, and 72 hrs after induction of pneumonia. There were no statistically significant differences in body weights between mice administered sham pneumonia (black) and animals administered low-dose P. aeruginosa (blue) or high-dose P. aeruginosa (yellow). Weights were lower in mice administered S. pneumoniae (red) 48 and 72 hrs after induction of pneumonia. Note, x-axis for survival in (A) is 7 days, but x-axis for body weights in (B) is 3 days because all subsequent experiments were performed using time points ranging from 6 to 72 hrs.
No individual data points were excluded. Values that were below or above the detection limits of the assay were replaced with the lower or upper detection limits to allow for numerical analysis. Hierarchical clustering was performed on BAL and blood cytokine measurements individually and also together using correlation as the similarity measure. Principal component analysis was performed on cytokine abundance data from three data sets: BAL, blood, and combined data. Principal components were calculated using all mice analyzed for hierarchical clustering and averages and SE were calculated using either the treatment group identifier or the hierarchical clustering group assignment. Pearson's correlation between individual cytokines and each principal component were calculated to determine whether any of the measured quantities could serve as a surrogate for the principal component.
Blood Counts
White blood counts were performed using a Coulter counter (Baker 9000) using 50 L of whole blood. Differential cell count was performed by counting 100 leukocytes on a smear with Wright's stain.
Myeloperoxidase Assay
Twelve hours after induction of pneumonia, the pulmonary vasculature was perfused with 1 mL phosphate-buffered saline, and lungs were frozen in liquid nitrogen (25) . Right lower lobe sections were subsequently thawed, weighed, and homogenized in 4 mL of 20 mM potassium phosphate buffer with 0.5 g/dL hexadecyltrimethyl ammonium bromide. After sonication for 90 secs, sections were incubated for 2 hrs in a 60°C water bath. Samples were then centrifuged and 100 L of supernatant placed into 2.9 mL of 50 mM potassium phosphate buffer (pH 6.0) with 0.167 mg/mL O-dianisidine and 0.0005% hydrogen peroxide. Absorbance at 460 nm was measured for 3 mins. Myeloperoxidase activity per gram of protein was calculated using the rate of change in absorbance over 3 mins and the protein content of the sample was determined by a modified Bradford assay (26).
Statistics
Data analysis was performed using Prizm version 4.0 (GraphPad) and SAS version 9.1. Data are presented as mean Ϯ SEM. Survival curves were compared using chi-square analysis. Cytokines, quantitative cultures, blood counts, and myeloperoxidase activity were first analyzed using Kruskal-Wallis one-way analysis of variance by ranks. Post hoc pair-wise comparisons were conducted using the Mann-Whitney U test. Cytokine data at each time point was compared for all possible groups (i.e., sham vs. high-dose P. aeruginosa, sham vs. low-dose P. aeruginosa, sham vs. S. pneumoniae, high-dose P. aeruginosa vs. S. pneumoniae, low-dose P. aeruginosa vs. S. pneumoniae, high-dose P. aeruginosa, and low-dose P. aeruginosa). Individual cytokine levels were not compared between different models at different time points. A p Ͻ .05 was accepted as statistically significant.
RESULTS
Survival
Animals were administered one of two doses of P. aeruginosa that caused either 96% or 50% 7-day mortality, or a dose of S. pneumoniae that resulted in a 84% 7-day mortality ( Fig. 1A ). Animals died faster after high-dose P. aeruginosa than S. pneumoniae. Mortality after low-dose P. aeruginosa and S. pneumoniae was similar in the first 3 days (p ϭ .59). There were no statistically significant differences in body weights in mice subjected to any model of pneumonia at either 6 or 24 hrs ( Fig. 1B) . Mice administered S. pneumoniae pneumonia had lower body weights than animals administered sham pneumonia 48 and 72 hrs after intratracheal injection of bacteria (p ϭ .02 and .007, respectively), although no statistically significant differences were seen between animals administered low-dose P. aeruginosa and sham animals at any time point.
BAL and blood cultures were taken from animals at 6, 12, 48, or 72 hrs after infection. Mice administered S. pneu-moniae had approximately 10 7 CFU/mL in their airways 48 hrs after onset of pneumonia, declining precipitously between days 2 and 3 ( Fig. 2A ). Mice administered high-dose P. aeruginosa had similar bacterial loads in their lungs at 6 hrs and a ten-fold increase at 12 hrs (p Ͻ .05 compared to S. pneumoniae). Cultures were not measured at later time points in this model because of high levels of mortality at 48 hrs. Animals administered low-dose P. aeruginosa had ten-fold fewer bacteria 6 hrs after the onset of pneumonia (10 6 CFU/mL, p Ͻ .05 compared to the other infections at the same time points). Similar to animals administered S. pneumoniae, mice infected with low-dose P. aeruginosa had a substantial decline in pulmonary bacterial load between 48 and 72 hrs.
In contrast to local microbial concentrations, animals administered S. pneumoniae or low-dose P. aeruginosa had only trace amounts of bacteria detectable in their blood 6, 12, or 48 hrs after the onset of pneumonia ( Fig. 2B ). After 72 hrs, however, mice infected with S. pneumoniae had significant bacteremia (Ͼ10 4 CFU/mL blood), whereas animals infected with lowdose P. aeruginosa had essentially no blood-borne bacteria. Animals administered high-dose P. aeruginosa had similar low levels at 6 hrs, with a ten-fold increase in bacterial load 12 hrs after onset of pneumonia (p Ͻ 0.05 compared to both other infections at same time point). aeruginosa, whereas counts are lower after injection of low-dose P. aeruginosa. Bacterial concentration decline markedly in BAL fluid between 48 and 72 hrs, consistent with animals clearing pulmonary infection. Data has been log-transformed for presentation to allow graphical representation of 100,000fold decrease in lung bacterial burden between these time points. B, Animals administered S. pneumoniae or low-dose P. aeruginosa have similar low degrees of bacteremia at early time points. There is a marked increase in bacteremia in animals administered S. pneumoniae between 48 and 72 hrs without any change in systemic bacterial concentrations in those administered low-dose P. aeruginosa. Note, the differences in scale on y-axis between (A) and (B), with substantially higher bacterial concentrations in the lungs than the blood at all points measured except in S. pneumoniae at 72 hrs. (n ϭ 6) p ϭ .008 vs. Pa-L 
Cytokine Analysis
BAL and blood samples were taken from animals at 6, 12, and 72 hrs after onset of pneumonia to measure the local and systemic host response, respectively. At 6 and 12 hrs after infection, all animals in all groups were alive, regardless of the ultimate mortality of the pneumonia model used. Animals that received highdose P. aeruginosa did not undergo sampling at 72 hrs because of Ͼ80% mortality by this time point. Cytokine levels for all models of pneumonia as well as animals that underwent sham operation are listed in Table 1 (BAL) and Table 2 (blood).
To determine whether there were different cytokine levels between pneumonia models, the experimental design allowed for three distinct comparisons of the host response to infection: (1) low-dose P. aeruginosa and S. pneumoniaeanimals with similar kinetics of mortality over the 3 days when samples were obtained; (2) high-dose P. aeruginosa and S. pneumonia-animals that would eventually have 96% and 84% 7-day mortality, respectively; and (3) high-dose P. aeruginosa and low-dose P. aeruginosa-animals receiving the identical pathogen but at doses that cause differing mortalities.
Pathogens Causing Similar Kinetics of Mortality Have Distinct Local and Systemic Cytokine Profiles
Local cytokine production is higher in animals administered low-dose P. aeruginosa in BAL fluid 6 hrs after the onset of pneumonia compared to animals administered S. pneumoniae (Fig. 3A ; pro-inflammatory cytokines at top of figure, anti-inflammatory at bottom). This is not a result of LPS in Gram-negative bacteria causing a greater increase in TNF-␣, because this was one of only two cytokines that was higher in mice infected with S. pneumoniae at 6 hrs. There is a marked temporal shift in the local response to the two infections such that by 72 hrs, the majority of cytokines are higher in mice subjected to S. pneumoniae pneumonia. Importantly, the inflammatory response is not correlated to bacterial colony counts in the lung. At 6 and 12 hrs, there are more S. pneumoniae bacteria in the lungs than P. aeruginosa but higher proinflammatory and anti-inflammatory cytokine concentrations are seen with the latter organism (compare Fig. 2A to 3A) . Additionally, the late shift toward relative higher cytokine abundance in animals in- (n ϭ 6) p ϭ .001 vs. Pa-L Despite having similar (low) levels of bacteremia, systemic concentrations of pro-inflammatory and anti-inflammatory mediators are higher in animals administered low-dose P. aeruginosa compared to animals administered S. pneumoniae at 6 hrs ( Fig. 3B) . However, despite a marked increase in bacteria in the blood 72 hrs after onset of pneumonia in animals administered S. pneumoniae, plasma cytokine concentrations are generally similar between both groups. Even though levels of bacteria are Ͼ3 logs higher in animals administered S. pneumoniae, there is not a single mediator that is higher in these animals (compare Fig. 2B to 3B) . The local response is therefore markedly different from the systemic response at 72 hrs (compare Fig. 3A to 3B ).
Pathogens Causing High 7-Day Mortality Have Distinct Early Cytokine Profiles
Both pro-inflammatory and antiinflammatory cytokines are generally higher in animals administered highdose P. aeruginosa in BAL fluid 6 and 12 hrs after the onset of pneumonia compared to animals administered S. pneumoniae (Fig. 3C ). This local effect is TNF-␣-independent because concentrations of this cytokine are similar in mice subjected to either infection. The inflammatory response is also independent of pulmonary bacterial load because there was not a single cytokine measured that was statistically higher in the lungs of mice infected with S. pneumoniae despite having similar concentrations of bacteria at 6 hrs (compare Fig. 2A to 3C ).
There is a similar trend in systemic cytokines. Both pro-inflammatory and anti-inflammatory cytokines are generally higher in the blood of animals administered high-dose P. aeruginosa 6 and 12 hrs after the onset of pneumonia, and at no time is the relative abundance of S. pneumoniae higher for any cytokine (Fig.  3D) , despite having statistically similar low levels of bacteremia at 6 hrs in each group (Fig. 2B ). Of note, even when the trend for cytokine abundance is similar between BAL and blood, both the absolute values and ratios may be markedly different between groups. An example is TNFsr-2, which is higher in mice administered high-dose P. aeruginosa in BAL and blood at 6 hrs (Fig. 3, C and D) . TNFsr-2 concentrations in BAL fluid are 1,736 and 1,185 pg/mL in animals administered high-dose P. aeruginosa or S. pneumoniae, respectively (ratio 1.5:1), whereas serum concentrations in the same animals are Ͼ100,000 pg/mL and 2,034, respectively (ratio Ͼ50:1).
Differing Doses of P. Aeruginosa Cause Distinct Early Cytokine Profiles
Although the bacterial load is higher in the lungs of mice administered high-dose P. aeruginosa compared to low-dose, it does not directly correlate to local cytokine abundance (compare Fig. 2A to Fig. 3E ). BAL cytokine concentrations are nearly as likely to be higher 6 hrs after low-dose P. aeruginosa as they are after high-dose P. aeruginosa. Blood concentrations were higher after high-dose P. aeruginosa for 6 cytokines, higher after low-dose P. aeruginosa cytokines for five cytokines, and were not statistically different between the two models for two cytokines (Fig. 3F ). In con-trast to the 6-hr time point, by 12 hrs cytokine levels were consistently higher in both BAL and blood in high-dose P. aeruginosa. Figure 3 illustrated that there were statistically significant differences between most cytokines in the different models at each time point, and that the magnitude of these differences varied depending on the cytokine, the infection, the body fluid sampled, and the time point examined. Whereas these data are instructive on a population basis, they do not examine the heterogeneity of the individual response to each challenge. To examine relationships between individual animals, hierarchical clustering of cytokine abundance data from the individual mice was performed ( Fig. 4A ). Although eight groups of animals were included in the analysis (two infections at three time points and one infection at two time points), only five major nodes were identified.
Hierarchical Clustering of Cytokine Expression
The principal node separates ten animals in cluster A from the remaining 50 mice. The animals in this group include 5 of 6 mice administered high-dose P. aeruginosa at 6 hrs, 4 of 8 of mice administered high-dose P. aeruginosa at 12 hrs, and 1 of 7 mice administered S. pneumoniae at 6 hrs. Animals in cluster A are characterized by elevated concentrations of pro-inflammatory cytokines (IL-1b, IL-6, IL-18, MIP-␣, TNF-␣, and TNFsr2) in BAL fluid, as well as elevated concentrations of Eotaxin, TNFsr2, TN-Fsr1, and MCP-1 in the blood.
The second node separates 15 mice in cluster B from the remaining 35 animals. These animals include all six mice administered low-dose P. aeruginosa at 6 hrs, 1 out of 8 mice administered low-dose P. aeruginosa at 12 hrs, and all seven mice administered S. pneumoniae at 72 hrs. These cohorts of mice have a 50% to 60% mortality rate within 72 hrs of the sampling time. However, there is no apparent cytokine or combination of cytokines that subdivides either the P. aeruginosainfected or S. pneumoniae-infected mice, suggesting that local and systemic cytokines at this time point do not have the capacity to predict which animals will go on to recover or die. Interestingly, the dendrogram on the left of Figure 4 shows that the seven S. pneumoniae-infected mice have the most similar cytokine expression profiles of all groups of mice in Figure 3 . Relative cytokine abundance in bronchoalveolar lavage (BAL) and blood. All panels compare cytokine concentrations between two groups of animals (n ϭ 6 -11/group/time point) administered different models of pneumonia at various time points. The presence of a colored horizontal bar indicates that there was a statistically higher level of the measured cytokine in animals administered S. pneumoniae (red), low-dose P. aeruginosa (blue), or high-dose P. aeruginosa (yellow) compared to the other group examined. When no colored horizontal bar is present, cytokine abundance was statistically similar between the two groups examined. Data presented represent 13 of 18 cytokines measured. The five mediators not shown in this figure (interleukin [IL]-2, IL-5, IL-12, IL-13, and regulated on activation, normal T cell expressed and probably secreted) were excluded either because there were no differences between animals with pneumonia and sham animals or because the majority cytokine levels were below the limit of detection. Raw data for all cytokine levels are shown in Tables  1 and 2 . A, Despite having similar mortality at all time points measured, the abundance of most pro-inflammatory and anti-inflammatory cytokines in BAL fluid is higher in mice administered low-dose P. aeruginosa than those administered S. pneumoniae at 6 hrs. However, the pattern reverses nearly completely by 72 hrs. B, Similar to BAL, systemic cytokines are generally higher in mice administered low-dose P. aeruginosa at 6 hrs. However, despite the relative increase in cytokine abundance in BAL at 72 hrs and the increase in bacteremia seen solely in animals administered S. pneumoniae, no relative increase in systemic cytokines is noted at this time point. C and D, Despite similar 7-day mortality, relative cytokine abundance is generally higher in animals administered high-dose P. aeruginosa. Not a single cytokine measured was significantly higher in either compartment in animals administered S. pneumoniae. Cytokine patterns are generally similar between BAL and blood; however, differences exist in multiple mediators such as tumor necrosis factor (TNF)-␣, IL-18, and IL-1b. It should be noted that interferon (IFN)-␥ levels are at the lower limit of detection in animals administered either high-dose P. aeruginosa or S. pneumoniae. E, BAL samples in animals administered either high-dose or low-dose P. aeruginosa. Although there is a higher bacterial load in the lungs of those that received a higher dose, in 5 of 11 cytokines levels in which a difference was detected between groups, they were more elevated in those that received low-dose bacteria. F, Although the blood from animals that received high-dose or low-dose P. aeruginosa was more homogeneous than BAL, IFN-␥ concentrations were higher in animals that received a lower inoculum of bacteria. MIP, macrophage inflammatory peptide; MCP, macrophage chemotactic peptide.
the study. Because of the homogeneity in the S. pneumoniae-infected mice, we identified significant differences between P. aeruginosa-infected animals and S. pneumoniae-infected animals in cluster B (Fig. 4B ). As expected based on their pulmonary bacterial burden (Fig. 2) , the P. aeruginosa-infected mice in cluster B had higher pro-inflammatory cytokines in BAL fluid than did S. pneumoniaeinfected mice. Four measured proteins were higher in the BAL of S. pneumoniae-infected mice-MIP2, IL-10, TN-Fsr2, and IL-1ra. Surprisingly, although the only mice in cluster B that had bac-teremia were S. pneumonia-infected mice (Fig. 2) , plasma cytokines were higher in P. aeruginosa-infected mice.
The remaining 35 mice were clustered into three separate groups. Cluster C contained the five remaining animals that received high-dose P. aeruginosa at 6 and 12 hrs that were not in cluster A. Of the 36 measured cytokines, the only one that was significantly different between clusters A and C was systemic TNFsr2.
Cluster D contained 13 mice, all of which were infected with S. pneumoniae at either 6 hrs (6 of 7 animals) or 12 hrs (7 of 11 animals) after infection. With the exception of a single animal, the clustering algorithm separated the samples obtained at 6 hrs from those obtained 12 hrs after infection. A small panel of measured components separated these two groups, including marked increases in soluble IL-1 and TNF antagonists in BAL fluid (Fig. 4C ). Similar to mice infected with high-dose P. aeruginosa (clusters A and C), all animals in cluster D had elevated BAL concentrations of MIP-␣.
The final 17 mice in cluster E contained 7 out of 8 mice infected with 50% saturation (dark gray) , and the 72-hr time point is indicated by black. Cytokine expression ranged from below limit of detection (green) through the mean value for that cytokine (black) to the highest abundance for that cytokine (red) and as a result this visualization tool is only semi-quantitative. The dendrogram on the left indicates the similarity of adjacent samples. This visualization tool demonstrates the intrinsic variability of the host immunologic response to different infections over time and suggests the identity of cytokines that differentiate across groups. B, Cytokine abundance data that differentiate the two groups in cluster B. Cytokines were ranked based on p-value from a Student's t test comparing the two groups identified in cluster B by hierarchical cluster analysis. Those with p Ͻ 0.05 are shown. Average Ϯ SEM are shown for mice infected with P. aeruginosa at early time points (blue) and S. pneumoniae at 72 hrs after infection (red). C, Cytokine abundance data that differentiate the two groups within cluster D. Cytokines were ranked based on p-value from a Student's t test comparing the two groups identified in cluster D by hierarchical cluster analysis and those with p Ͻ 0.05 are shown. Average Ϯ SEM are shown for mice infected with samples taken at 6 hrs (light gray) and 12 hrs after infection (dark gray).
low-dose P. aeruginosa at 12 hrs, all 6 mice infected with low-dose P. aeruginosa at 72 hrs, and 4 out of 11 mice infected with S. pneumoniae at 12 hrs. No clear pattern in cytokine expression separated these animals despite their markedly different prognoses.
Principal Component Analysis
Principal component analysis (PCA) is a computational technique that reduces multidimensional data from one axis per variable into a lower dimensional representation of that data set viewed from its most informational viewpoint. PCA can reveal the internal structure of a data set to best explain the variance in the data, assuming the data conform to three key assumptions: (1) linearity; (2) that the mean and covariance of the data are important; and (3) that large variances have important dynamics. If the observed data have a high signal-tonoise ratio, then the principal components with larger variance usually correspond to interesting dynamics, whereas PCA with lower variance corresponds to noise. Data visualization via PCA can illuminate informative dynamics within time-dependent data sets (27) .
One particularly informative visualization of PCA of the data outlined is from principal components one and three of the combined analysis (Fig. 5A ). Principal component one separated S. pneumoniae-infected animals at 72 hrs from Figure 4 was also plotted along the same axes as were used in (A). In this instance, the principal components between (A) and (B) are identical because principal components were calculated using the same data. C, Local macrophage inflammation peptide (MIP)2 and systemic tumor necrosis factor (TNF)sr2 abundance classify individual mice into four distinct groups (discussed in the text), effectively separating mice destined to die (high systemic TNFsr2, blue, or high local MIP-2, yellow) from mice that have cleared infection (low local MIP-2 and low systemic TNFsr2, pink). The remaining mice (black) cannot be separated into clinically relevant groups using these criteria. the other groups, whereas principal component three separated the 90% 7-day lethality of P. aeruginosa-infected animals from the other groups. Different time points from the same infection were connected by lines to illustrate hypothetical trajectories of disease progression based on local and systemic cytokine abundance. Interestingly, the hypothetical S. pneumoniae and 50% mortality of P. aeruginosa trajectories become indistinguishable between 6 and 12 hrs after infection. Principal components were also calculated by grouping mice based on which cluster they belonged to in the hierarchical clustering analysis (Fig. 5B ). PCA of any cytokine data sets identified statistically significant differences between groups whether classified as treatment groups or clusters (data not shown).
Principal component one showed a high correlation with the abundance of MIP-2 (r 2 ϭ 0.998) and IL-10 (r 2 ϭ 0.72) in BAL (the cytokines whose abundance defines cluster B), whereas principal component three correlated with TNFsr2 (r 2 ϭ 0.84) and MCP-1 (r 2 ϭ 0.70) in the blood and IL-1b in the BAL (r 2 ϭ 0.64). By examining BAL MIP2 and plasma TN-Fsr2 abundance together, four groups emerge ( Fig. 5C): (1) mice that have recovered from infection (i.e., low-dose P. aeruginosa-infected mice 72 hrs after onset of pneumonia) have essentially none of these cytokines; (2) mice that have high BAL MIP-2 (S. pneumonia-infected mice 72 hrs after onset of pneumonia); (3) mice with high-plasma TNFsr2 (P. aeruginosa-infected mice that will ultimately have a 90% 7-day mortality); and (4) all other animals (mice with intermediate abundances of local MIP-2 in the BAL and systemic TNFsr2).
Survival Studies
To assess the functional significance of relative differences in cytokine levels, survival studies were performed. TNF-␣ levels were markedly elevated in BAL at 6 hrs in S. pneumoniae and in both BAL at 6 hrs and blood at 12 hrs in high-dose P. aeruginosa (Fig. 6A and B) . Treating animals subjected to pneumonia with anti-TNF-␣ antibody resulted in a marked hastening of mortality in animals in which TNF-␣ levels were high (Fig. 6C , compare kinetics of mortality to Fig. 1 ), but had no affect in low-dose P. aeruginosa, for which local and systemic cytokine levels were lower. Survival studies were also performed on MCP-1 Ϫ/Ϫ mice, based on the significance of the cytokine in both hierarchical clustering and PCA studies. Cytokine levels were markedly different between BAL fluid and blood ( Fig. 7A and B) . MCP-1 was markedly elevated in the blood of both high-dose and low-dose P. aeruginosa but nearly undetectable in S. pneumoniae (Fig. 7B ). Despite these differences, there was no survival affect in MCP-1 Ϫ/Ϫ mice administered either high-dose or low-dose P. aeruginosa (in which systemic levels were elevated) and a hastening of mortality in MCP-1 Ϫ/Ϫ mice administered S. pneumoniae (even though systemic levels were not elevated, Fig. 7C ).
Circulating Leukocytes
To further define the host response, circulating white blood cell counts were analyzed (Fig. 8A) . By 24 hrs, all animals with pneumonia had similar decreases in their leukocyte counts despite marked differences in cytokine production (p Ͻ 0.05 compared to unmanipulated mice (compare Fig. 8A to Fig. 3B , D, and F). Of note, total circulating white blood cells were lowest when animals had minimal bacteremia, and leukocyte counts returned to normal by 3 days, even in the setting of marked S. pneumoniae bacteremia (compare Fig. 2B to 8A) . The initial decrease in total white blood cell count was in large part attributable to a decrease in absolute lymphocyte count in all groups at 12 and 24 hrs, independent of type of bacterial infection (Fig. 8B) .
In contrast to the similarities in absolute lymphocyte count, there were marked differences in absolute neutrophil counts (Fig. 8C ). Mice administered S. pneumoniae had increased circulating neutrophils, mice administered low-dose P. aeruginosa had little change in circulating neutrophils, and mice administered high-dose P. aeruginosa had a marked decrease in circulating neutrophils. To determine whether this could be explained by differential infiltration of neutrophils into lungs of animals with pneumonia, pulmonary MPO assay was performed ( Fig. 9 ). Whether assessed by histology or quantitative MPO activity, there was a substantial increase in pulmonary neutrophils in mice administered high-dose P. aeruginosa, minimal pulmonary neutrophilic infiltration in mice administered S. pneumoniae, and intermediate levels in animals administered low-dose P. aeruginosa.
DISCUSSION
This study demonstrates that genetically inbred animals have distinct host responses to pneumonia. The inflammatory response is dependent on kinetics of mortality as well as ultimate 7-day mortality. Different inocula of the same microbe also cause distinct early host responses, but not in a monotonic fashion that might be predicted, because higher bacterial concentrations do not directly correlate to the severity of the inflammatory response. Additionally, the host response is compartmentalized, with substantial variation between local (BAL) and systemic (blood) cytokine profiles.
There is a fundamental disconnect between our results, current patient care, and therapeutic targets of the majority of sepsis clinical trials. Current therapy in sepsis is individualized only as far as targeting specific microbes; however, once antibiotics fail, treatment is nonspecific in keeping with the concept of a "generic septic response." However, if broad-based host responses to infections exist, targeting them may be a rational approach to sepsis therapy that can be undertaken simultaneously to targeting the initiating microbe with antibiotic therapy. To examine this possibility, hierarchical cluster analysis was performed, which allowed us to identify five distinct host response profiles within the eight different groups of animals examined. These clusters may have prognostic significance and potential utility for development of targeted therapeutics or diagnostic assays. For instance, all animals that received high-dose P. aeruginosa were in clusters A and C, with the sole difference between the two being Ͼ50-fold difference in systemic TNFsr2. Whereas there was a high ultimate mortality in each of these groups of animals, it is possible that that the difference in TNFsr2 concentrations was linked to rapidity of death. Additionally, a vigorous local inflammatory response appears to correlate with rapid death because animals in clusters A and C would be expected to die in Ͻ48 hrs based on the survival curves shown in Figure 1 . Additionally, all animals in cluster D were infected with S. pneumoniae and all had elevated BAL concentrations of MIP-␣. We speculate that these mice may be the ones destined to die because 13 out of 18 mice administered this bacteria at 6 or 12 hrs were in this cluster, and this was very close to the percentage of animals that ultimately died after S. pneumoniae pneumonia. The remaining mice infected with S. pneumonia in cluster E had low MIP-␣ concentrations. Interestingly, local BAL production of MIP-␣ ceased by 72 hrs in animals with S. pneumoniae pneumonia (cluster B), even though the majority of those animals would go on to die as well. It is also remarkable that on the PCA, the most similar cytokine profiles in the entire experiment were from mice subjected to S. pneumoniae pneumonia 72 hrs after infection. Whereas approximately half of these animals die within 72 hrs, there were no differences noted within this entire group of animals.
The lack of correlation between bacterial concentration and host response was surprising. Mice infected with S. pneumoniae had a higher pulmonary bacterial load at early time points, but mice infected with low-dose P. aeruginosa had higher cytokine abundance. By 72 hrs there was a 10,000-fold decrease in pulmonary bacterial load in mice administered S. pneumoniae, but despite this decrease, local cytokine abundance increased compared to low-dose P. aeruginosa. Examining blood from the same animals showed higher concentrations of cytokines in mice with low-dose P. aeruginosa at early time points despite similar low levels of bacteremia in both. However, a marked increase in bacteremia in animals administered S. pneumonia alone was not accompanied by a change in relative cytokine abundance. The lack of correlation between local and systemic bacterial concentration and the inflammatory response in either compartment suggests that although microbes initiate the host response, it is subsequently modulated, at least partially, independent of the inciting infection and continued presence of infection. A more direct way to examine the correlation between bacterial burden and host response was to compare high-dose and low-dose P. aeruginosa. It was reasonable to predict that giving a substantially higher dose of the same bacteria would lead to a more pronounced inflammatory response, at least in the lungs, where the infection was initiated. However, 11 cytokines were different in the two groups 6 hrs after the onset of pneumonia, with a near-even split-six higher in the highdose group, five higher in the low-dose group. This means that it is at least partially incorrect to assume that the greater the bacterial burden, the more severe the inflammatory response, which has clear implications if attempting to modulate the immune response for therapeutic gain. It should be noted, however, that bacterial counts are only a crude measure of the complex relationship that exists between pathogen and host in sepsis and, in fact, bacterial phenotype may not be an invariant trait, but rather one that undergoes dynamic changes.
The survival experiments demonstrated both the promise and limitations of targeting therapy based on the host response. Whereas targeting TNF-␣ and knocking out MCP-1 failed to improve survival in any group regardless of cytokine levels, we were able to identify groups that had worse outcomes with these interventions. If a single model of sepsis alone were used in preclinical trials (cecal ligation and puncture often is used for this purpose), it is possible that harmful effects of a therapy in certain subgroups would not be identified. Further, our results show that not only do different organisms lead to different host responses, but severity of illness can also have a profound influence on how the host responds to a specific therapy, even if the inciting organism is the same. It has been postulated that one reason why clinical sepsis trials fail is that animal studies tend to use high mortality models, whereas patient studies use a population that is less sick, which would be expected to behave differently (28) . The anti-TNF-␣ experiments in this study demonstrate a marked worsening of survival in both high mortality groups, with minimal effect in the intermediate mortality group. These results correlate well to two prospective randomized trials of anti-TNF-␣ antibody in patients, which have shown minimal or no benefit in a population with a baseline mortality of approximately 50% (29, 30) . However, our results raise the concern that treating those infected with either S. pneumoniae or P. aeruginosa with a high risk of death may actually be harmful. Of note, previous studies have shown that anti-TNF-␣ antibody improves survival in rats subjected to lower mortality models of Escherichia coli or Staphylococcus aureus pneumonia, and we view our results as complimentary to these because we did not examine models of S. pneumoniae or P. aeruginosa with mortalities of Ͻ50% (31).
We do not have a clear explanation for the survival studies in MCP-1 Ϫ/Ϫ mice. These animals have worsened survival after polymicrobial sepsis (32) , and the only effect seen in this study was a hastening of death in animals that did not have a significant increase in sepsisinduced MCP-1. It is possible that different levels of this chemoattractant are necessary depending on the infecting organism or disease severity. However, it is difficult to know if the results seen in a knockout animal with lifelong MCP-1 deletion accurately replicate what would happen if the mediator were targeted in an acute setting.
We do not believe these results are inconsistent with genome-wide RNA microarray analyses of either circulating neutrophils or peripheral blood mononuclear cells that demonstrates no difference between those infected with Gram-positive and Gram-negative infections (6, 7) . This is because studies performed specifically on neutrophils or peripheral blood mononuclear cells would not identify changes in other cell types that might be responsible for the marked differences seen in this study. Further, those studies were performed on a transcriptome level, which would not necessarily identify the changes we found on a translational level. Finally, the mortality rate of patients infected with Gram-positive or Gram-negative bacteria ranged from 11% to 37% in those studies, which is significantly lower than the mortality in all groups examined herein.
Our study has several limitations. Antibiotics were not used in this study because they have been demonstrated to alter the host immune response in both S. pneumonia and P. aeruginosa pneumonia, which would have complicated interpretation of our results (33, 34) . However, antibiotics are standard of care in the treatment of sepsis, and their absence limits the clinical relevance of our results. Additionally the host response to sepsis is a dynamic process (27, 35) , and it is possible that critical information was missed by sampling at only three time points. Whereas our study used S. pneumonia and P. aeruginosa pneumonia as prototypical Gram-positive and Gramnegative infections, respectively, because of their prevalence in septic patients (36) , there are marked differences in susceptibility to S. pneumonia infections based on different capsular subtypes and nearly 2,000 species of P. aeruginosa have been isolated from patients; therefore, it is difficult to determine whether our results are generalizable to either these infections or Gram-positives and Gramnegatives in general (37, 38) . It also does not study the host response in the absence of overt signs of infection, which may be very significant in light of recent work demonstrating that patients with a high burden of P. aeruginosa who do not meet clinical criteria for ventilator associated pneumonia have increased mortality compared to patients with a high burden of P. aeruginosa who have evidence of pneumonia (39) . Also, the anti-TNF survival curves were performed at a different time than the survival curves in Figure 1 without concurrent untreated controls. We therefore cannot exclude the possibility that the results in Figure 6 are simply attributable to the fact that survival can vary between models from week to week, independent of the effect of anti-TNF. Finally, the experiments were performed in mice. Whereas the study allowed for examination of the host response without the confounder of genetic variability and allowed for the ability to precisely titrate each variability examined (kinetics of mortality, 7-day mortality, bacterial concentration), how these results translate to humans is unknown.
Despite these limitations, these results demonstrate that individual infections induce unique host responses. The current paradigm of treating septic patients with supportive care clearly improves outcome in individual patients, but the disease still has an unacceptably high mortality rate. Our results suggest that the inflammatory host response to sepsis is, at a minimum, dependent on the inciting organism, the kinetics and severity of infection, the concentration of inoculum, and the time the host response is interrogated. Although there is significant complexity to sepsis as a clinical entity, there appear to be well-orchestrated host responses to infection. The meaning of these responses is yet to be determined.
